All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Xenotransplantation using porcine cells, tissues or organs may reduce the widening gap between demand and supply of human donor organs \[[@pone.0122059.ref001]\]. However, xenotransplantation may be associated with transmission of zoonotic microorganisms \[[@pone.0122059.ref002]\]. Whereas most of the potential microbes can be eliminated by breeding under designated pathogen free conditions, this is not possible for porcine endogenous retroviruses (PERVs). PERVs belong to the gammaretrovirus family, they are integrated in the genome of all pigs and were shown to infect human cells *in vitro* \[[@pone.0122059.ref003]--[@pone.0122059.ref005]\]. Three subtypes of PERVs were identified, PERV-A and PERV-B, which are ubiquitous and human tropic, and PERV-C, which is not present in all pigs and infects only pig cells \[[@pone.0122059.ref005]\]. To date, no *in vivo* transmission of PERVs to humans, primates and small animals following experimental and clinical xenotransplantation using pig cells and tissues (with and without immunosuppression) or inoculation of concentrated virus was observed (for review see \[[@pone.0122059.ref006]\]). Nevertheless, since many retroviruses are pathogenic and able to induce tumours as well as an immunodeficiency, this cannot be excluded for PERVs, especially because it infects human cells and because pharmaceutical immunosuppression may be an important factor in xenotransplantation. In recent years different strategies were developed to reduce the risk of PERV transmission to the recipient \[[@pone.0122059.ref007]\]. These strategies included selection of pig strains with a low expression of PERV-A and PERV-B. In addition it was recommended to select pigs lacking PERV-C in the genome in order to prevent recombination between PERV-A and PERV-C. Such PERV-A/C recombinants infect human cells and are characterised by high replication rates in comparison with the parental virus (for review see \[[@pone.0122059.ref008]\]). Other strategies included generation of transgenic pigs expressing PERV-specific small interfering (si)RNA \[[@pone.0122059.ref009]--[@pone.0122059.ref012]\] and the induction of neutralising antibodies \[[@pone.0122059.ref013]--[@pone.0122059.ref015]\].

Recently the zinc finger nuclease (ZFN) technology was developed to generate precisely targeted *in vitro* or *in vivo* genomic edits with targeted gene deletions (knock outs), integrations, or modifications \[[@pone.0122059.ref016]\]. ZFNs are a class of engineered DNA-binding proteins that facilitate genome editing by creating a double-stranded break in DNA at a user-specified location \[[@pone.0122059.ref017]\]. A double-stranded break is important for site-specific mutagenesis in that it stimulates the cell's natural DNA-repair processes, namely homologous recombination and non-homologous end joining \[[@pone.0122059.ref017]\]. By taking advantage of the errors of this DNA repair machinery, ZFN can be used to precisely alter the genomes of higher organisms \[[@pone.0122059.ref018], [@pone.0122059.ref019]\]. The non-specific cleavage domain from restriction endonuclease FokI is typically used as the cleavage domain and the DNA-binding domains typically contain between three and six individual zinc finger repeats and can each recognize between 9 and 18 base pairs. Many engineered ZFN have been shown to have excellent binding specificity in vitro, whereas others are less specific \[[@pone.0122059.ref020], [@pone.0122059.ref021]\]. ZFN have become useful reagents for manipulating the genomes of many plants and animals \[[@pone.0122059.ref018], [@pone.0122059.ref019]\], including pigs \[[@pone.0122059.ref022]--[@pone.0122059.ref030]\]. Monoallelic and biallelic knock outs were described, and in most published *in vitro* and *in vivo* experiments single genes were knocked out, only in rare cases two genes \[[@pone.0122059.ref024]\].

However, PERVs are present in multiple copies (60 to 150 copies) in the genome of pigs \[[@pone.0122059.ref031]\]. The *pol* gene of all proviruses is highly conserved. Therefore it was of great interest to investigate, whether the ZFN technology may be used to knock out multiple, nearly identical genes, in this case the integrated proviruses of PERV. In order to test this, ZFN were designed corresponding to highly conserved sequences in the pol region and their effect on PERV expression was studied. Using different methods we demonstrated that the ZFN were strongly expressed in the nucleus of PERV-producing pig cells and PERV-infected human cells. However, we also observed, that the transfected cells died after expression of the ZFN in the nucleus, possibly by cutting the numerous PERV proviruses.

Material and Methods {#sec002}
====================

Zinc finger nucleases specific for PERV {#sec003}
---------------------------------------

Zinc finger nucleases targeting the PERV genes were designed, cloned and validated by Sigma-Aldrich, St. Louis, MO, USA. Among 67 ZFN candidates targeting the *pol* gene of PERV, 10 ZFNs were found to target highly conserved regions of the highly conserved *pol* gene of PERV when the sequences of seven of different PERV sequences were aligned ([S1 Fig](#pone.0122059.s001){ref-type="supplementary-material"}). From these 10 candidates, 3 most active ZFN pairs were selected. The binding sites of the ZFN pairs as well as their relative Mel-1 activity are shown in [Table 1](#pone.0122059.t001){ref-type="table"}. The lower case letters correspond to the cutting site where the double-strand breaks will take place.

10.1371/journal.pone.0122059.t001

###### Design of zinc finger nucleases targeting the PERV genes.

![](pone.0122059.t001){#pone.0122059.t001g}

  ZFN                   Target sequence                           Position in PERV-A[^a^](#t001fn001){ref-type="table-fn"}   Relative Mel-1 Activity [^b^](#t001fn002){ref-type="table-fn"}
  --------------------- ----------------------------------------- ---------------------------------------------------------- ----------------------------------------------------------------
  PZFN1/PZFN2 (Set 1)   CGCAAGGACCTTACAgacatACCGCTGACTGGAGAA      3957..3995                                                 116.4%
  PZFN3/PZFN4 (Set 2)   AACATCGTTCGGCAGcccccAGACCGATGGATGAC       4405..4439                                                 109.9%
  PZFN5/PZFN6 (Set 3)   GGCCCCAACCACAGCCAAacaagtGAGAGAGTTTTTGGG   4558..4592                                                 98.8%

^a^ Accession nr. AJ293656

^b^ Compared with positive control

Cloning of ZFN1-CFP and ZFN2-YFP {#sec004}
--------------------------------

In order to study the expression of ZFN proteins and locate them in the cells, the sequences corresponding to the fluorescent markers cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) were inserted in the ZFN plasmids at the 3' side of the ZFN1 and ZFN2 respectively. The CFP sequence was amplified from a pcDNA-CFP (containing the improved CFP designated SCFP3A, \[[@pone.0122059.ref036]\]) using the primers for TTTTTAGATCTGCCGCCGCCATGGTGAGCAAGGGCGAGGAG and rev TTTTTCTCGAGCGGAACCTTTCCGGACTTGTACAGCT. The PCR product was purified and inserted into the ZFN1 plasmid by digestion ligation using BglII and XhoI. For ZFN2 a mutagenesis PCR was carried out to replace a stop codon by a BamHI restriction site using the primers for CAACGGCGAGATCAACTTCGGATCCCTCGAGTCTAGAGGGCCCG and rev CGGGCCCTCTAGACTCGAGGGATCCGAAGTTGATCTCGCCGTTG. The YFP insert was obtained by digestion of pCMV-CD63-YFP with XhoI/ApaI. The insert was purified by gel extraction using the Invisorb Spin DNA Extraction Kit (Stratec, Berlin, Germany) and then inserted in an XhoI/ApaI digested ZFN2 plasmid. In order to avoid that the fluorescent tags do not interact with each other which may lead to false positive results, fluorescent hybrid protein expression vectors with modified SCFP3A and SYFP2 templates \[[@pone.0122059.ref027]\] were used to improve the brightness and monomeric properties of the expressed proteins. For simplicity we call them YFP and CFP.

Cell culture, cell counting and infection of 293 cells {#sec005}
------------------------------------------------------

Porcine embryonic kidney PK-15 cells (ATCC CRL-33) and human embryonic kidney 293 cells (ATCC CRL-1573) were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 IU/ml penicillin, 100 μg/ml streptomycin (PAA Laboratories, Cölbe, Germany) and 2 mM L-glutamine (Biochrom AG, Berlin, Germany). Cells were grown in a 6-well plate, and after 24 h PERV-containing cell-free filtered through 0.45 μm filters (Schleicher & Schuell Bioscience, Dassel, Germany) supernatants were then added to the 293 cells and incubated for 3 days. Cells were counted in triplicates using a Neubauer chamber.

Nucleofection {#sec006}
-------------

Cells were transfected using the Amaxa Nucleofector II device together with the cell line nucleofector kit V (Lonza, Basel, Switzerland). Cells were splitted 2 days before nucleofection. Directly before nucleofection cells were trypsinized and washed gently with PBS, 1 x 10^6^ cells were resuspended in 100 μl of the pre-mixed nucleofector solution (82 μl nucleofection buffer and 18 μl supplement solution). DNA plasmids were added and the mixture was transferred into a 2 mm electroporation cuvette and nucleofected with the program A-023 for 293 cells, and T-023 for PK-15 cells. After nucleofection cells were immediately transferred into in a 6-well plate containing 2 ml pre-warmed medium.

Surveyor nuclease mismatch assay {#sec007}
--------------------------------

The ZFN activity was detected using the Transgenomic Surveyor mutation detection kit (Transgenomic, Glasgow, UK) which takes advantage of the non-homologous end joining DNA repair system triggered by the double strand break at the ZFN target site. The Surveyor nuclease is an endonuclease that cleaves both strands of a DNA at sites of base mismatch. In a first step the ZFN target region was amplified by PCR from genomic DNA using the primers (for: CGAAGGCACTACTGCTGGAA, rev: CGTTGGT CATCCATCGGTCT). If the ZFNs were active the PCR resulted in a pool of mutated and unmutated amplicons which were hybridized by heating and slowly cooling to form hetero- and homoduplexes. Heteroduplexes contain a "bubble" formed at the site of mismatch, which will be cut by the Surveyor nuclease. The cleavage products were analysed by agarose gel electrophoresis or polyacrylamide gel electrophoresis.

Agarose gel electrophoresis {#sec008}
---------------------------

A 2% gel was prepared by dissolving agarose powder in 1x TAE Buffer (50x: 50 mM EDTA, 1 M acetic acid, pH 8.0, Carl Roth, Karlsruhe, Germany) and microwave heating for about 1 minute. The solution was then cooled to approximately 55--60°C and ethidium bromide (EtBr) was added (0.1 μl / ml of 10 mg/ml stock solution, Sigma Aldrich, Steinheim Germany), 1x TAE buffer was used for electrophoresis; the DNA samples were diluted into DNA loading-buffer (Fermentas, St. Leon-Rot, Germany), a current between 1--10 Volts/cm was applied. The DNA was visualized by UV using the CHEMOCAM Imager 3.2 (INTAS, Göttingen, Germany) and the size of the DNA was determined using the GeneRuler DNA Ladder Mix (Fermentas, St. Leon-Rot, Germany). In order to analyse the concentration of the amplicons by band intensity, the ImageJ software (NIH, Bethesda, MD, USA) was used.

Polyacrylamide gels for resolving small DNA fragments {#sec009}
-----------------------------------------------------

For a better resolution, a 10% polyacrylamide gel was prepared. Gels were poured into a BioRad gel apparatus (BioRad, Munich, Germany). After polymerization gels were left at 4°C overnight before use. Gels were then fixed into a BioRad electrophoresis chamber filled with 1x TBE buffer. DNA samples were mixed with 6x loading buffer (Fermentas, St. Leon-Rot, Germany). Electrophoresis was carried out at constant voltage of 110 V for 70--100 min. Gels were then stained for 15--20 min in 1x TBE containing 0.1 μl / ml of 10 mg/ml stock solution EtBr and visualized by UV using the CHEMOCAM Imager 3.2 (INTAS, Göttingen, Germany).

*In situ* PLA {#sec010}
-------------

PK-15 cells (3 × 10^5^ cells/well) were seeded in 6 wells, after 5 h MetafectenePro (Biontex, Munich, Germany) was used for co-transfection of cells with the vectors pZFN1 and pZFN2 (Sigma Aldrich) and empty FLAG expressing vector pCMV-Tag2B (Stratagene, Heidelberg, Germany) as control. Transfected PK-15 cells were incubated for 24 h and fixed for 20 min in 2% paraformaldehyde dissolved in PBS. After the fixation cells were washed with PBS and detached from 6 wells. The fixed cell suspension was dropped on poly-L-lysine coated slides (Polylysine, Thermo Scientific, Braunschweig, Germany) within a 2 cm^2^ PAP-pen (Sigma Aldrich, Steinheim, Germany) marked circle barrier. Cells were dried on glass slides, washed with PBS and rinsed in 0.4% saponin (Carl Roth, Karlsruhe, Germany) for permeabilisation. After 60 min cells were blocked for 2 h at room temperature in 30% normal donkey serum (Jackson Immuno Research, West Grove, PA, USA). To detect ZFN protein expression we used for PLA goat anti-FLAG (NB600-344, NovusBio, Littleton, CO, USA). The cells are incubated with primary antibodies (5 μg/ml) overnight at 4°C in a humid chamber. The following day, the cells were twice washed briefly with Duolink II buffer A and left for 2 h in Duolink II buffer A. After this extended washing step the cells were blocked again with 30% normal donkey serum for 1 h at room temperature. After the blocking all further procedures were applied accordingly the Duolink II manual using anti-goat PLUS and anti-goat MINUS as PLA probes. Cells were mounted in Duolink II mounting medium (DAPI for nucleus staining). All Duolink II detection reagents, mounting media and PLA probes produced by Olink Bioscience were obtained from Sigma Aldrich, Steinheim, Germany.

Confocal laser scanning microscopy (cLSM) and image analysis {#sec011}
------------------------------------------------------------

PK-15 cells (1 x 10^4^/well) were seeded into standard bottom 8 well μ-slides (Ibidi, Munich, Germany) and transiently transfected with the following plasmids: (i) pZFN1-CFP and pZFN2-YFP, (ii) a plasmid pCFP-YFP expressing CFP-YFP protein as positive FRET control, and (iii) two plasmids pCFP/pYFP expressing unfused CFP and YFP. All plasmids were transfected alone or together in order to acquire a triple set of images from the donor, the acceptor and donor/acceptor. We used for each well 0.3 μg plasmid DNA and MetafectenePro (Biontex, Munich, Germany) as transfection reagent according to the manufacturer\'s instructions. One day after transfection cells were washed twice with PBS, and fixed for 20 minutes using 2% paraformaldehyde dissolved in PBS, washed with PBS and mounted in glycerol containing 0.1% *p*-phenylenediamine (Sigma Aldrich, Steinheim, Germany). All images were acquired using a ZEISS 780 confocal inverted microscope and a 63 x oil immersion objective (Carl Zeiss, Oberkochen, Germany) was used. Images for FRET analysis were obtained using multitrack instrument settings for CFP and FRET channel, excitation for CFP channel at 405 nm and emission peak at 475 nm/27-nm bandwidth, excitation for FRET channel at 405 nm and emission peak at 527/48-nm bandwidth. YFP signals were additionally detected in a single track with an excitation at 514 nm and emission peak at 527 nm/55-nm bandwidth. Donor and acceptor bleed-through coefficients were determined by acquiring images containing only a donor or acceptor, respectively. NFRET values were measured with ZEISS ZEN 2010 software. Images for PLA were acquired by using ZEISS ZEN instrument settings for Texas Red analogue dye and DAPI staining.

Preparation of cell lysates, nuclear and cytoplasmic protein extracts {#sec012}
---------------------------------------------------------------------

To prepare cell lysates, cells were washed three times in PBS thus removing traces of FCS (300 x g, 5 min, RT). Cells were lysed by adding a NP-40 lysis buffer containing 1.0% NP-40 (Sigma Aldrich, Steinheim, Germany), 150 mM NaCl, 50 mM Tris, pH 8.0 (Carl Roth, Karlsruhe, Germany) in a ratio of 1 μl of the buffer per 10^4^ cells per. Cells were then left on ice for 10 min and subsequently centrifuged at 10000--12000 rpm for 10 min at 4°C. The supernatant was recovered, aliquoted and frozen at -80°C until used. To detect the presence of ZFN proteins in the nucleus of the nucleofected cells by Western blots, nuclear and cytoplasmatic lysates were prepared using a NE-PER nuclear protein extraction kit (Thermo Scientific, Ulm, Germany), which enables the stepwise lysis of cells and extraction of the cytoplasmic part keeping the nucleus intact. A second step of nuclear lysis allowed the extraction of nuclear proteins without genomic DNA and mRNA contaminations. Briefly, cells were trypsinized and washed with PBS. Pellets were then resuspended in 100 μl of ice cold ice cytoplasmic extraction reagent I (CERI) by vigorous vortexing for 15 sec. After incubation on ice for 10 min, 5.5 μl of CERII were added and mixed by vortexing for 5 sec and incubated on ice for 1 min. After centrifugation for 5 min at maximum speed (16000 x g) at 4°C the supernatant containing the cytoplasmic extract is transferred to a new tube. The insoluble pellet which contains the nuclei was resuspended in ice-cold nuclear extraction reagent (NER) and incubated on ice for 40 min with vortexing for 15 sec every 10 min. After centrifugation at maximum speed for 10 min the supernatant (nuclear extract) was transferred to a new tube and stored at -80°C until use.

Western blot analysis {#sec013}
---------------------

The electrophoretic transfer of proteins from SDS gels to polyvinylidene difluoride (PVDF) 0.2 μm membranes (Millipore, Schwalbach, Germany) was performed as described. The SDS gel was placed for 10 minutes in a transfer buffer. The PVDF membrane was pre-wetted in methanol then soaked for 10 min in transfer buffer. A blot sandwich was prepared by placing one or two pre-wetted blotting paper sheet on the anode of a Trans-Blot SD Semi-Dry Transfer Cell (BioRad, Munich, Germany), followed by the PVDF membrane then the SDS-gel which was covered by a second layer of blotting paper sheet. The cathode was placed on the top and the blot was run at 20 V for 25 min. After the protein transfer the membrane was incubated in the blocking buffer on a shaker for 1 h at RT. The primary antibody was then diluted in blocking buffer and added to the membrane. After 1.5 h incubation at RT, alternatively over night at 4°C, the membrane was washed (5 x 5 min) in the wash buffer and incubated with the horseradish peroxidise-conjugated secondary antibody diluted 1:1000 for 1 h at RT. After five times (5 min each) washing the detection was carried out by the enhanced chemoluminescence (ECL Western Blotting Detection Reagents Kit, Pierce, Rockford, IL, USA) system according to the manufacturer's protocol. The detection solution was mixed 1:1 and given to the membrane for one minute. The chemiluminescence was detected with the chemocam and the time for development varied depending on the intensity of the chemiluminescence. The M2 antibody against the 3xFLAG (Sigma-Aldrich, Steinheim, Germany) diluted 1:500 was used. A anti--β actin antibody raised in mice (Sigma-Aldrich, Steinheim, Germany) diluted 1:5000 and an antibody against the DEAD-box RNA helicase 3 (DDX3, Cell Signaling Technology, Frankfurt, Germany) diluted 1:1000 were used.

Surveyor nuclease assay {#sec014}
-----------------------

In order to optimize the assay, 2 x 10^6^ PK-15 cells as well as PERV infected 293 cells were transfected with different amounts of plasmid DNA (100 ng, 500 ng, 1 zμg, 2μg, 7.5 μg or 10μg) and three consecutive nucleofections with 2 days intervals were performed using 100 ng, 500 ng or 1 μg ZFN1/ZFN2. DNA was isolated as described above. The ZFN target sequence was amplified using 4 different primer pairs (PCR1-PCR4) and using 3 different polymerases: Optimase polymerase (Transgenomic, Glasgow, UK), the Phusion Hot Start Flex DNA Polymerase (New England Biolabs, Frankfurt, Germany) and the Expand high Fidelity Plus polymerase (Roche, Mannheim, Germany). In a second step PCR products were heated to 95°C for dehybridisation and then cooled down slowly for re-annealing. At this stage the wild type sequences and mutated sequence if present will re-anneal building "bubbles" corresponding to the DNA mismatches, which can be then cut by the surveyor nuclease. 10 μl of each sample were loaded on a 2% agarose gel and the concentration of the PCR amplicon was quantified by band intensity. 40 ng/μl for all samples were estimated. In the third step rehybridized amplicons were treated with the surveyor nuclease. Different combinations of reaction parameters were tested for optimization: different DNA amounts, the enhancer concentration (1 or 2 μl) the MgCl~2~ concentration (0, 0.5 or 1 μl) the nuclease quantity (0.5, 1 or 2 μl), as well as the nuclease working time (20 min, 40 min, 1h or 2h). After stopping the reaction with the stop solution, samples were run on a 2% agarose gel or 10% polyacrylamide gel. In parallel, a G/C control was performed as described by the manufacturer. It consists of two control plasmids with inserts that differ at a single base pair. Treatment with nuclease led to cleavage of the heteroduplexes into two bands (416 and 217 bps).

Results {#sec015}
=======

Design of zinc finger nucleases targeting the PERV genes {#sec016}
--------------------------------------------------------

Zinc finger nucleases targeting different PERV genes were designed, cloned and validated. Among 67 ZFN candidates targeting the *pol* gene of PERV, 10 ZFNs were found to target highly conserved regions of the pol gene of PERV when the sequences of all known PERV sequences were aligned. These 10 chosen candidates were then tested and the 3 most active ZFN pairs were selected ([S1 Fig](#pone.0122059.s001){ref-type="supplementary-material"}) and used as plasmid DNA. The binding sites of the ZFN pairs are shown in [Table 1](#pone.0122059.t001){ref-type="table"}. The lower case letters correspond to the cutting site where the double-strand break will take place. To validate the ZFNs, a yeast-based assay was used. In this assay, an artificial ZFN target site is exogenously introduced into yeast cells and the ZFN activity is then measured by using a *MEL1* reporter assay ([Table 1](#pone.0122059.t001){ref-type="table"}). It is important to mention that the binding region of the ZFN is in the same region of *pol* of PERV were two siRNAs, previously shown to effectively knock down PERV expression \[[@pone.0122059.ref009], [@pone.0122059.ref011], [@pone.0122059.ref012]\], are binding ([Fig 1](#pone.0122059.g001){ref-type="fig"}).

![Localisation of the ZFN binding domains (set 1--3) in the sequence of PERV provirus.\
In addition, sequences of siRNA (gag2, pol1, pol2) successfully used for inhibition of PERV expression were indicated.](pone.0122059.g001){#pone.0122059.g001}

Detection of ZFN expression by Western blot analysis {#sec017}
----------------------------------------------------

In order to analyse the expression of ZFN proteins, 1 x 10^6^ PK-15 cells (expressing and releasing PERV) per sample were nucleofected with plasmids of the ZFN set 1 (0.1 μg, 0.5 μg, 1 μg, 2 μg or 7.5 μg each) and cells were harvested after 12h, 24h and 48h. In a Western blot analysis, ZFN proteins, which were tagged with an N-terminal 3xFLAG, were found expressed at the protein level with a peak at 12 h ([Fig 2](#pone.0122059.g002){ref-type="fig"}), at 48 hrs the protein expression was reduced. ZFN proteins contain a nuclear localization signal (NLS), which allows the transportation of ZFN proteins to the nucleus where they can bind to the target DNA. In order to demonstrate the nuclear localisation of the left and the right ZFN proteins, cells were nucleofected with both ZFN1 and ZFN2 plasmids of set 1, either together or separately. After 48h incubation, cells were harvested and nuclear and cytoplasmic lysates were prepared using the Pierce NE-PER nuclear protein extraction kit. In the Western blot analysis bands corresponding to the ZFN proteins with a molecular weight of approximately 50kDa were detected by anti-FLAG antibodies in the cytoplasmic extract but much stronger in the nuclear lysate ([Fig 2](#pone.0122059.g002){ref-type="fig"}). To analyse the purity of the cytoplasmic and nuclear samples, antibodies against β-actin and against the DEAD-box RNA helicase 3 (DDX3), typical cytoplasmic and nuclear markers, respectively \[[@pone.0122059.ref032], [@pone.0122059.ref033]\], were used. A negligible contamination of the cytoplasmic extract by the nuclear proteins was detected; in the case of the lysate of cells transfected with ZFN2 alone, this contamination was stronger. Conversely, tracks of β-actin were also detected in nuclear lysates, however it is unclear whether this is a contamination since it was shown that actin plays a physiological role in the nucleus \[[@pone.0122059.ref034], [@pone.0122059.ref035]\].

![Expression of ZFN proteins in PK-15 cells.\
**A.** Kinetic of expression of ZFN protein in PK-15 cells after nucleofection of different amounts (0.1 to 7.5 μg) of plasmids corresponding to ZFN set 1 (ZFN1, ZFN2, ZFN1/2). Both expressed proteins carry a 3xFLAG tag and for detection an antibody against the 3xFLAG tag was used. Cell lysate from PK-15 cells expressing an unrelated protein with a 3xFLAF tag and incubated for 2 days after nucleofection was used as positive control (Pos. ctrl). The arrows indicate the marker proteins. **B.** Detection of ZFN proteins in cytoplasmic and nuclear lysates. PK-15 cells were nucleofected with ZFN1 and ZFN2 plasmids together or separately and about 2 x 10^6^ cells per sample were fractionated. Each lane was loaded with nuclear or cytoplasmic extract from about 5 x 10^5^ cells. Whole cell lysate (WCL) from PK-15 cells transfected with pCMV, a vector with a FLAG tag was used as positive control (1 x 10^5^ cells). Anti-Flag antibodies were used for detection of the proteins. The purity of the cytoplasmic and nuclear fractions was analysed using antibodies against β-actin and DDX3, respectively.](pone.0122059.g002){#pone.0122059.g002}

Detection of ZFN1/ZFN2 interaction by FRET analysis {#sec018}
---------------------------------------------------

In order to further investigate the expression of ZFN proteins and their localisation in the transfected cells, fluorescence (Förster) resonance energy transfer (FRET) imaging was used. PK-15 cells were transfected with plasmids encoding the cyan fluorescent protein (CFP) and the yellow fluorescent protein (YFP) fused to ZFN1 and ZFN2, respectively, as well as with plasmids coding for YFP fused to CFP or single plasmids coding only for CFP or YFP as controls. To analyse the interactions of the fused ZFN and their localisation, the cells were fixed 24 h after transfection and FRET analysis was performed. The normalized FRET values (NFRET) were obtained from a set of three images (donor, acceptor and co-transfected donor and acceptor). Cells transfected with ZFN1-CFP and ZFN2-YFP revealed high NFRET values ([Fig 3](#pone.0122059.g003){ref-type="fig"}). These values are in the same range as the values for expressed YFP fused to CFP, indicating close proximity of both ZFN in form of a heterodimeric pair. In addition, in cells transfected simultaneously with ZFN1-CFP and ZFN2-YFP the expressed proteins were localized predominantly in the nucleus. This and the high NFRET values indicated that the ZFNs were transported to the nucleus and were found in close proximity (less than 10 nm), suggesting that ZFN1-CFP and ZFN2-YFP were interacting. We can exclude that the fluorescent fusion parts of the ZFN, e.g., CFP and YFP, were interacting in an unspecific manner, because in order to generate the plasmids pZFN1-CFP and pZFN2-YFP modified S[CFP]{.ul}3A and S[YFP]{.ul}2 templates were used to improve the brightness of the fluorescent proteins and their monomeric properties \[[@pone.0122059.ref036]\]. Both fluorescently tagged ZFN proteins strongly co-localize with DAPI staining of the nucleus ([Fig 3](#pone.0122059.g003){ref-type="fig"}).

![Interaction of ZFN1-CFP and ZFN2-YFP as shown by FRET confocal imaging.\
**A.** FRET images. 293 cells were transfected with the vector pECFP-EYFP expressing CFP-YFP (row 1), pcDNA-CFP/pCMV-YFP expressing CFP and YFP (row 2) or pZFN1-CFP/pZFN2-YFP expressing ZFN1-CFP and ZFN2-YFP (row 3), fixed 24 h after transfection and then imaged in the following channels: Donor CFP (first column), FRET (second column) and acceptor YFP (third column). The last column displays a corrected and normalized FRET image. NFRET was calculated from the first 3 channels as described in the methods section. Scale bars, 20 μm. NFRET color lookup bar values range from black (0) to red (1). **B.** NFRET intensities of 9--16 cells were measured and the mean NFRET values ±SD are represented. **C.** Expression and localization of the separately transfected ZFN1 fused to CFP or ZFN2 fused to YFP, respectively.](pone.0122059.g003){#pone.0122059.g003}

Detection of ZFN1 and ZFN2 using the proximity ligation assay (PLA) {#sec019}
-------------------------------------------------------------------

In order to analyze ZFN1 and ZFN2 without fused CFP and YFP fluorescent tags the unmodified ZFN pair was transiently transfected in PK-15 cells. The advantage of PLA detection is the high specificity and sensitivity for protein epitope recognition. In general, only when two PLA probes (anti-goat PLUS and MINUS) bind to the primary antibody then this results in a PLA signal. The signal from a single protein is several hundredfold increased by the rolling circle amplification during PLA in contrast to classical indirect immunostaining technique \[[@pone.0122059.ref037], [@pone.0122059.ref038]\]. Here, a single protein recognition PLA with goat anti-Flag antibody was performed since both proteins carry the same FLAG epitope. Numerous detectable PLA signals in the nucleus as shown by DAPI staining were found, indicating a specific transport of ZFN1 and ZFN2 into the nucleus ([Fig 4](#pone.0122059.g004){ref-type="fig"}). The signals strongly co-localize with the DAPI signal, indicating that the ZFN proteins are in close proximity with the cellular DNA.

![Expression of the ZFN as detected by PLA.\
PK-15 cells were transfected with the pZFN1 or pZFN2 vectors expressing the 3xFLAG tagged fluorescent proteins ZFN1-CFP or ZFN2-YFP, the nucleus was stained by DAPI and a PLA against the FLAG epitope was performed demonstrating the specific localization of the ZFN in the nucleus. Scale bars, 5 μm.](pone.0122059.g004){#pone.0122059.g004}

Influence of the ZFN on PERV expression {#sec020}
---------------------------------------

In order to analyze the influence of the above documented expression of the ZFN1 and ZFN2 on PERV expression, 2 and 5 μg ZFN1 and ZFN2 were transfected into PK-15 or 293 cells infected with supernatant of PERV-producing PK-15 cells or uninfected control cells and incubated for 2 to 5 days. Since the protein expression in PK-15 cells is very low and cannot be quantified, the influence on expression was measured at the RNA level. RNA was isolated on day 2 and day 5 after transfection and using a real-time PCR, expression of PERV and porcine cyclophilin in the case of PK-15 and human GAPDH in the case of PERV-infected 293 cells were measured. No differences in the PERV expression in comparison with the negative control and no changes in PERV expression over time were observed ([S2 Fig](#pone.0122059.s002){ref-type="supplementary-material"}). As we found out later, we measured PERV expression in surviving cells, cells expressing the ZFN were dead at that time (see below).

Toxicity of ZFN {#sec021}
---------------

In order to analyse whether the ZFN were not functioning or whether other reasons were responsible for this negative result, plasmids expressing ZFN fused to CFP and YFP were used to assess the viability of the transfected cells and the toxicity of ZFN plasmids. For this purpose, PK-15 cells were transiently transfected with 2.5 μg or 7.5 μg ZFN1-CFP and ZFN2-YFP together or separately. Unfused CFP and YFP were used as controls. In the case of single plasmid transfection, a double amount of DNA was transfected. Cells were observed daily using a fluorescence microscope and images were taken on days 1 and 5 after nucleofection ([S3 Fig](#pone.0122059.s003){ref-type="supplementary-material"}). Fluorescence microscopy revealed that in the case cells expressing ZFN1-YFP and ZFN2-YFP, the fluorescent cells were disappearing progressively until day 5 after transfection, while control cells as well as cells transfected with ZFN1-YFP or ZFN2-YFP separately still showed fluorescence 5 days post-nucleofection ([S3 Fig](#pone.0122059.s003){ref-type="supplementary-material"}), indicating that the cells expressing ZFN1-YFP and ZFN2-YFP together were dying.

Since the linkage of CFP and YFP to the C-terminus of the ZFN proteins near the active centre of the FokI nuclease may interfere with the activity of the ZFN, another toxicity test was performed using the original, unmodified ZFN1 and ZFN2, this means they were not fused to the fluorescent YFP. PK-15 and PERV-infected 293 cells were transfected by nucleofection with bothZFN plasmids, ZFN1 and ZFN2. Although in all cultures a decrease of the cell number was observed on day 1, in cultures with untreated cells or with cells transfected with a control plasmid, GFP, the cell number increased steadily until day 3 ([Fig 5A and 5B](#pone.0122059.g005){ref-type="fig"}). However, in cultures with cells treated with ZFN1 and ZFN2 the number of cells was not increasing. Adding different amounts of ZFN 1 and ZFN2 plasmids to PK-15 cells showed that the toxic effect was dose-dependent ([Fig 5C](#pone.0122059.g005){ref-type="fig"}). When PK-15 cells were transfected with ZFN1 alone or with ZFN2 alone and with the control GFP vector, no decrease on the cell number compared with untreated PK-15 cells was observed ([Fig 5D](#pone.0122059.g005){ref-type="fig"}). Most importantly, when uninfected 293 cells (without integrated PERV proviruses) were transfected with ZFN1 and ZFN2, no effect on the cell number was observed ([Fig 5E](#pone.0122059.g005){ref-type="fig"}). This control clearly demonstrates that ZNF1 and ZNF2 are not per se cytotoxic in uninfected 293 cells, but only in the context of PERV.

![Cell viability after nucleofection with ZFN plasmids.\
PK-15, PERV-infected and uninfected 293 cells were nucleofected and at days 1, 3 and (in two experiments also 5) post nucleofection the cell number in the cultures was determined. **A.** PK-15 cells were nucleofected with both ZFN, ZFN1 and ZFN2, or with the control plasmid pLVTHM-GFP encoding GFP, or were left untreated. **B.** PERV-infected 293 cells were nucleofected with both ZFN, ZFN1 and ZFN2, or with GFP or were left untreated. **C.** PK-15 cells were left untreated or were nucleofected with different amounts of plasmids expressing ZFN1 and ZFN2 at day 0 and the cell number increased in dependence on the amount of plasmids. **D.** PK-15 cells were left untreated or were nucleofected with pLVTHM-GFP expressing GFP, with ZFN1 alone or ZFN2 alone and both ZFNs together. A double amount of DNA was used in case of transfection with a single plasmid. **E.** Uninfected 293 cells were nucleofected with pLVTHM-GFP (4μg) or ZFN1/ZFN2 (2 μg each) or were left untreated.](pone.0122059.g005){#pone.0122059.g005}

Functional analysis of the ZFN {#sec022}
------------------------------

In order to analyse whether the ZFN was functionally, usually a surveyor nuclease assay with DNA from ZFN treated cells was performed (see [Materials and Methods](#sec002){ref-type="sec"}). This assay recognizes mismatches in the DNA. After optimization and selection of an appropriate polymerase, PCR products were heated for dehybridisation and then cooled down slowly for re-annealing. At this stage the wild type sequences and mutated sequence if present will re-anneal building "bubbles" corresponding to the DNA mismatches, which can be then cut by the surveyor nuclease. All tested samples revealed the formation of many cleavage products, which can be seen as a multitude of bands ([Fig 6](#pone.0122059.g006){ref-type="fig"}). The band positions are reproducible for the same cell type independently from the reaction conditions and even when no ZFN plasmid was transfected. In order to test the nuclease for possible contamination by broad reacting nucleases, PCR products were treated directly with nuclease and no cleavage bands were detected ([Fig 6B](#pone.0122059.g006){ref-type="fig"}). When the G/C control was performed using two control plasmids with inserts that differ at a single base pair, cleavage of the heteroduplexes into two bands was observed ([Fig 6D](#pone.0122059.g006){ref-type="fig"}).

![Results of the surveyor nuclease assay.\
**A.** PCR using genomic DNA as template for four different PCR (PCR1 = 645bp, PCR3 = 517 bp, PCR4 = 718 bp). After running on agarose gel, DNA concentration was estimated using ImageJ software. Lane 1--5, PK-15 cells transfected with 100 ng, 500 ng, 1 μg, 2 μg ZFN1/2 and 4 μg pLVTHM; lanes 8 and 12, PK-15 transfected with 2 μg ZFN1/2 each, lanes 9 and 13, PK-15 cells transfected with 4 μg pLVTHM. Lanes 6, 10 and 14 PERV-infected 293 cells transfected with 2 μg ZFN1/2 each and lanes 7, 11 and 15 with 4 μg pLVTHM. **B.** Agarose gel analysis of the rehybridisation of PCR amplicons shown in A. **C.** PAGE analysis of dehybridised and hybridised samples after incubation with 1 μl nuclease, 1 μl MgCl~2~ and 1 μl enhancer for 20 minutes. The sample numbers correspond to the samples described in A. **D.** Analysis of the G/C control of the surveyor nuclease assay. Three different amounts (200, 400, 600 ng) of DNA were treated with nuclease as described by the manufacturer and analyzed on an agarose gel.](pone.0122059.g006){#pone.0122059.g006}

To confirm these results, the ZFN target sequences were amplified using the PCR1 primers ([Table 2](#pone.0122059.t002){ref-type="table"}) and cloned using the Topo PCR cloning kit (Life Technologies, Frankfurt, Germany) as described by the manufacturer. The sequences of 24 cloned PERVs showed a high number of differences in the sequence of different proviruses (*Single Nucleotide Polymorphism*, SNPs) which were distributed all along the sequences ([S4 Fig](#pone.0122059.s004){ref-type="supplementary-material"}). These differences which could be targeted by the surveyor nuclease which leads to the high number of bands observed in the assay. This makes this assay not suitable for the analysis of the functionality of the ZFN in this system ([Fig 6C](#pone.0122059.g006){ref-type="fig"}).

10.1371/journal.pone.0122059.t002

###### Primers used for the PCR.

![](pone.0122059.t002){#pone.0122059.t002g}

  ZFN Primers[^a^](#t002fn001){ref-type="table-fn"}         Sequences              Position
  --------------------------------------------------- ----- ---------------------- ------------
  ZFN set 1 PCR 1                                     for   CGAAGGCACTACTGCTGGAA   3800..3819
                                                      rev   CGTTGGTCATCCATCGGTCT   4444..4425
  ZFN set 1 PCR 2                                     for   CAGGTGACCCTCCTCCAGTA   3727..3746
                                                      rev   CGTTGGTCATCCATCGGTCT   4444..4425
  ZFN set 1 PCR 3                                     for   CAGGTGACCCTCCTCCAGTA   3746..3765
                                                      rev   CGTTGGTCATCCATCGGTCT   4262..4243

^a^Accession nr. AJ293656

Discussion {#sec023}
==========

Xenotransplantation using cells, tissues or organs from pigs may help to overcome the shortage of human transplants for the treatment of cell, tissue and organ failure. However, xenotransplantation may be associated with transmission of porcine microorganisms which may cause zoonoses (for review see \[[@pone.0122059.ref002], [@pone.0122059.ref006]\]). Most of the microorganisms will be eliminated by designated pathogen free breeding; however, PERVs are present in multiple copies in the genome of all pigs \[[@pone.0122059.ref005], [@pone.0122059.ref031]\] and therefore cannot be eliminated easily.

ZFNs allow gene editing in live cells by introducing a targeted DNA double-strand break at a specific gene locus. In most previous publications the knock-out of one or two genes in the genome was reported \[[@pone.0122059.ref018], [@pone.0122059.ref019], [@pone.0122059.ref022]--[@pone.0122059.ref030]\]. In contrast to this, there are more than 50 proviruses integrated in the genome of pigs \[[@pone.0122059.ref005], [@pone.0122059.ref031]\]. The presence of this high copy number was an extreme challenge for the application of ZFN. Since the PERVs are highly conserved in the pol region encoding for the reverse transcriptase ([S1 Fig](#pone.0122059.s001){ref-type="supplementary-material"}), the ZFN were designed to target this region.

A high expression of the ZFN in pig embryonic kidney cells (PK-15) and PERV-infected human embryonic cells (293) was observed and both proteins were found in the nucleus as shown by Western blot analysis, FRET and PLA, suggesting that they interact with the DNA. In addition, the results of the FRET analysis also suggest that both ZFN proteins act each with another.

ZFN induced cytotoxicity was previously observed in several cases and was thought to result most likely from cleavage at off-target sites \[[@pone.0122059.ref039], [@pone.0122059.ref040]\]. Analysis of the cleavage in in the yeast based assay demonstrated that the ZFNs are functional and since such sequences are not found in the pig genome (with exception of the multiple integrated proviruses), the cleavage should be specific. However, it was demonstrated previously that the cutting activity of ZFN pairs in yeast system does not guarantee their activity in mammalian systems \[[@pone.0122059.ref041]\].

The observed cytotoxicity is not due to the high amount of plasmid used for transfection. Cells transfected with the plasmids for both ZFN proteins are dying until day 5, whereas the cells transfected with the same amount of plasmid encoding only one ZFN protein, did not. This indicates that the amount of plasmid DNA was not toxic per se. Cytotoxicity was not observed using the same plasmids and uninfected 293 cells. It is compelling to suggest that due to the high number of proviral inserts the cellular genome was destabilised and the cells died. High cytotoxity was previously reported when ZFN were used, which were characterized by high off-target activity \[[@pone.0122059.ref039], [@pone.0122059.ref040], [@pone.0122059.ref042], [@pone.0122059.ref043]\]. But in our case off-target activity can be excluded because the ZFN were toxic only in PERV infected cells, not in the uninfected cells. Future studies could include plasmids with another promoter leading to a lower expression of the ZFN in the cells, or a repeated transfection of small amounts of plasmid allowing the cells to recover in between. We suggest that an exchange of the CMV promotor against a weaker or an inducible promotor such as the widely used tetracycline-inducible expression system could maintain the levels of protein expression \[[@pone.0122059.ref044]\]. The tet-based systems possibly may control ZFN-protein expression and reduce the cytoxicity during knock-out of PERV genes. A novel tetracycline inducible system was recently applied in double-transgenic pigs \[[@pone.0122059.ref045]\]. We propose that a significant lower expression of ZFN-proteins will facilitate the repairing of occurred double-strand DNA breaks. To be more precisely, the huge amount of PERV integrates must be cut by extremely low concentrations of ZFNs. This could be also achieved by transfecting ZFN mRNA instead of CMV driven plasmids. Finally, other strategies to knock-out PERVs may be performed such as using Transcription activator-like effector nucleases (TALEN) \[[@pone.0122059.ref046]\] or the clustered, regularly interspaced, short palindromic repeats (CRISPR)-associated protein (Cas) system (CRISPR/Cas9) \[[@pone.0122059.ref047]\].

Conclusions {#sec024}
===========

To increase the safety of xenotransplantation experiments were performed with the goal to knock out multiple proviral sequences of the PERV using the ZFN technology. Although the ZFN proteins were highly expressed in the nucleus and although both ZFN proteins were interacting, the expression of the ZFN induced an extreme cytotoxicity in the PERV-infected cells, but not in uninfected cells. Considering all these results, we came to the conclusion that the ZFN1 and ZFN2 were expressed and located in the nucleus. Despite the fact that the proviral target sequences of the ZFN were unique in comparison with the other cellular sequences, the observed cytotoxicity reminds that observed when ZNFs reacted off-target, possibly this is due to the high copy number of the PERV proviral copies in the genome of the porcine cells.

Furthermore, we showed that the surveyor nuclease assay, which is used to demonstrate the activity of the ZFN assay based on the mismatches between the mutated and unmutated sequences, cannot be used in the case of PERV proviruses which are characterized by multiple SNPs in the proviral sequences near the highly conserved target sequence. Modified experimental approaches or new strategies of gene editing should be used to eliminate as much as possible PERV sequences without destroying the genome.

Supporting Information {#sec025}
======================

###### Alignment of sequences inside the ZFN target region from different PERVs.

The direct target sequences are in red. The name of the viruses, and their accession numbers are given.

(TIF)

###### 

Click here for additional data file.

###### Influence of ZFN on PERV expression.

PK-15 or human 293 cells were untreated, or transfected with 2 or 5 μg of ZFN plasmid and PERV expression was analysed by real-time PCR using porcine cyclophilin or human GAPDH as control.

(TIF)

###### 

Click here for additional data file.

###### Expression of the ZFN fused to CFP and YFP in PK-15 cells.

Different amounts (2 or 7.5 μg, respectively) of ZFN1 or ZFN 2 fused to CFP and YFP, were transfected into PK-15 cells and the expression of the ZFNs and the viability of the cells were analysed 1 and 5 days thereafter.

(TIF)

###### 

Click here for additional data file.

###### Alignment of the sequences from clones derived from the DNA of ZFN treated PK-15 cells.

Genomic DNA from PK-15 cells was amplified by PCR using primers PCR1 (Materials and methods) and single clones were sequenced.

(DOCX)

###### 

Click here for additional data file.
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